ABSTRACT Lead intoxication is a classical environmental hazard that can cause encephalopathy. During recent years several studies have suggested poor performances in psychological tests and increased numbers of subjective symptoms among workers with comparatively low blood lead concentrations. Forty-nine long-term lead-exposed male workers with time-weighted average blood lead concentrations between 1*3 and 3-3 umoUl calculated from at least seven years' results have been compared with a referent group of 27 male industrial workers with normal blood lead concentrations and comparable intellectual backgrounds. Several indices of exposure were used. Both groups were examined with neuropsychological tests and a questionnaire covering neuropsychiatric symptoms. The exposed group performed less well in 11 of 14 non-verbal tests, and there were significant differences in tests of memory and reaction time. A non-linear doseeffect trend was indicated. The results are in accordance with those found in similar studies, and it is concluded that the blood lead concentration should be below 2-5 ,umol/l to avoid the effects shown in this study.
Lead intoxication is a classic environmental and occupational hazard that in high doses causes encephalopathy with symptoms such as irritability, depressiveness, and concentration and memory disturbances. During recent years, several studies have suggested poor performance in psychological tests of intellectual functions'`7 and an increased number of subjective symptoms89 among workers with comparatively low blood lead concentrations. The exposure, however, has been either short or not registered regularly. Therefore, it seemed important to study workers exposed for many years with blood lead analyses performed regularly during the time of their exposure.
Methods and material LEAD EXPOSURE
The register of workers who had had their blood lead concentrations analysed at the laboratory of the department of occupational medicine in Orebro during 1967-79 was chosen as the source of subjects. The register contained information about the date and blood lead value for each measurement, and a time-weighted average of blood lead was calculated for each subject in the exposed group in the same way as Hanninen et al.4 TWA B-Pb = n-1 0-5 x (Pi+, + Pi) x (t*+, -t X~~~~~t n tl i=l where ti is the time of measurement "i" and Pi is the blood lead level (B-Pb) at measurement "i," "i+ 1" is the measurement following "i," and t0 the time of the last measurement.
At the time of the present investigation haemoglobin concentration, the present state of blood lead (B-Pb), and zinc protoporphyrin (B-ZPP) were examined. All blood lead measurements were conducted by the same laboratory during the whole period of measurements and by the same atomic absorption spectrophotometer (Perkin Elmer 403). Blood lead concentration has been recorded two to four times a year in the exposed group. The laboratory had participated regularly in interlaboratory comparisons with approved results. B-ZPP was measured from duplicate samples by the laboratory at the department of occupational medicine in Lund. 10 SUBJECTS The exposed group was composed of male workers who had been controlled for at least seven years, were still exposed, and who had a time-weighted average of blood lead (TWA B-Pb) between 1 3 to 3-3 ,umol/l. To achieve comparable motivation for referents to score maximally in the neuropsychological tests male workers who had been controlled for blood lead concentration by the same laboratory on at least three occasions and had never had a single B-Pb above 1 0 ,umol/l were chosen as the referent group. The workers had usually been told the B-Pb concentrations as they were taken. The purpose of the study was explained to both groups. It was mentioned in the introduction to the groups that some epidemiological studies had shown also that low blood lead concentrations could have an effect on the central nervous system but that other studies had not shown any differences between exposed and non-exposed. To get the same educational background a restriction was introduced of at the most 10 years of school education.
We identified 53 lead-exposed workers and 37 referents according to the criteria mentioned. Nine of the referents did not attend the briefing sessions preceding the examinations and could thus not be included. The lower participation of the referents might be due to lack of interest but also to a higher proportion of shift workers among the referents (55%) than among the exposed (24%). Four of the exposed and one of the referents did not want to participate in the study. Thus the group under study consisted of 49 exposed workers and 27 referents. The exposed workers were mainly employed at secondary lead smelters and battery factories. The referents were employed at a steel wire industry, machinery shops, or worked with ammunition control.
The mean age of the exposed group was 48 years and 47 years in the control group, but the age distribution was somewhat wider among the controls. The groups did not differ in duration of school education, exposure to organic solvents, alcohol consumption, prevalence of head injuries, or in undergoing treatment for high blood pressure or any other known chronic disease that might influence the central nervous system. Eighteen of the exposed and 12 of the controls (born 1935 or later) had undergone intelligence tests when entering the army, and both groups performed equally well in these tests.
The exposed group had on average been working for 18 years with lead compared with six years in the referent group. The exposed group had as a rule been working at the same industry during the whole period of exposure, but the blood lead controls did not start at the clinic of occupational medicine until 1967. The Hogstedt, Hane, Agrell, and Bodin working environment has been improved during the past decade, but interviews with older workers and a few lead blood tests from the early 1960s indicate that the conditions during the '60s were equal to the conditions during the '40s and '50s. The mean timeweighted average blood lead in the exposed group was 2-3 p,mol/l ranging from 1 3 to 3 3 ,mol/l. Twothirds of the exposed group had a value between 2-1 and 2 5 ,umol/l. The average of the highest single blood lead value among the exposed group was 3-1 ,umol/l. Of the 49 exposed subjects, 14 had on one occasion at least exceeded the Swedish biological threshold limit value of 3-3 ,umol/l. The mean of present blood lead concentration at the time of the study was 2-0 ,umol/l among the exposed group and 07 ,umol/l among the referents. The mean B-ZPP among the exposed group was 2 5 ,ug/gHb and among the controls 1 0. The overall differences in performances in the nonverbal psychological tests between the exposed group and the referents were analysed by Hotelling T2.'7 Hotelling TV is a generalisation of the common t test that makes it possible to compare simultaneously the groups in a large number of variables at a given level of significance. The positive and the negative differences, however, add equally to the T2, which must be kept in mind when evaluating the results. In studies of intellectual capacity it is important that age does not confound the results and the age regressions were taken from a sample of non-exposed workers (n = 138) used as a control group in a study of car painters. 18 11 That control group had been divided into five age groups (s-24 years, 25-34 years, etc) and the results for each subgroup transformed to a normally distributed stanine scale. A stanine scale has nine steps (1-9), the mean is 5 and the standard deviation is 2. The transformation matrix for the subtest "digit symbol" is given as an example in table 2. A raw score of 44 corresponds to stanine score 3 if the subject is under 25 years-a performance clearly below the mean-and to stanine score 7 if the subject is over 54-a performance clearly above the mean. The learning test and the reaction time test were not included in the standard battery, and the age regression for these two tests was taken from the internal control group and another external material (F Gamberale, personal communication). These materials, however, were too small to allow for normalisation of the scores, and a simple linear transformation to age-adjusted scores was used.
The factor analysis carried out on an unrestricted group.bmj.com on October 28, 2017 -Published by http://oem.bmj.com/ Downloaded from Hogstedt, Hane, Agrell, and Bodin The strength of possible dose-effect associations within the exposed group was analysed by product moment correlations between the different measures of exposure and the age-adjusted factor scores. Possible non-linear relations were explored by subgroupings of the exposed.
The differences in the proportion of positive answers between the exposed group and the referents in every single symptom question were examined by Chi-2-test with Yates's correction when the lowest expected number in each cell was greater than 4. Otherwise Fisher's exact probability test was used. The differences in number of symptoms among the groups were analysed by analysis of variance. The differences and the correlations were regarded as statistically non-significant if the two-tailed p value was a'0-05.
Results

COMPARISONS BETWEEN THE EXPOSED AND THE UNEXPOSED GROUPS
The exposed group performed less well in 11 out of 14 non-verbal tests (table 1) compared with the referent group, and the overall difference between the groups was statistically significant when age-adjusted scores were used. The means and standard deviations of the factor scores, the learning test, and the reaction time test are presented in table 3 and are illustrated in the figure. The exposed group performed less well in all factors, but statistically significant differences were found only in the memory test, the learning test, and the reaction time test.
The exposed group reported significantly (p = 0 03) more symptoms than the referents 4-7 v 2-9. None in the referent group had more than six symptoms, which is the recommendation for further investigation when the questionnaire is used for screening in health check-up programmes,12 15 while 13 (27%) in the exposed group exceeded that value. The exposed group reported a higher proportion of symptoms to every question except on "problems with buttoning," which is included in the questionnaire as a check on response bias. 215 The greatest differences were shown in questions on irritability, reduced libido, depressiveness, and controlling (see table 4 ). An analysis of variance There were no indications of other neurotoxic influences in excess among the lead-exposed workers to confound the results. The employment times were longer among the exposed, and there were no reasons to believe that alcoholism would be overrepresented in this group.
The concentration of blood lead is not only affected by the air contamination but also by work practices and personal hygiene. If there was a relation between primary intelligence and personal hygiene then low performances might have caused high blood lead concentrations instead of the reverse interpretation. Nevertheless, there were no correlations between test-scores at the age of 19 and the highest value in blood lead during the control period among the 18 exposed subjects tested at army enrolment.
Cross-sectional studies might underestimate adverse health effects since people with greater impairments and serious symptoms do not remain in the working population. A lower motivation among the referents than among the exposed is also common in these types of studies, but in this study the same introduction and information about the purpose of the study were given to both groups. A larger number of shift workers among the referents might also have diminished the performance differences between the groups.
These results support other studies of lead-exposed workers and indicate central nervous impairment from blood lead concentrations of 2-3 to 2-5 p,mol/l. Hogstedt, Hane, Agrell, and Bodin Irrespective of whether the impaired performances on psychological tests and the neuropsychiatric symptoms shown in this study are permanent or reversible, the average blood lead concentration should be below 2 5 ,umol/l to avoid these adverse effects.
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